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The GTPase Ran Regulates Chromosome
Positioning and Nuclear Envelope Assembly In Vivo
treated worms resulted in 100% embryonic lethality in
F1 generation, and severer affected Ps (cultured at 16C)
showed larval lethality. RCC1 RNAi also resulted in em-
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Graduate School of Biostudies bryonic lethality. RanGAP RNAi resulted in the severest
phenotype in these three RNAi experiments. In additionKyoto University
Sakyo-ku, Kyoto 606-8502 to P’s larval lethality and F1’s embryonic lethality, the
vulvae of the P larvae were often found to protrude whenJapan
severely affected (data not shown). Thus we cultured
the worms at 20C, at which we could examine the grown
up Ps or the embryonic F1s.Summary
Before analyzing the effects of RNAi treatments on
cell cycle events, we first examined whether Ran andThe GTPase Ran is known to regulate transport of
its related genes have the established function inproteins across the nuclear envelope [1, 2]. Recently,
nucleocytoplasmic transport also in C. elegans. To thisRan has been shown to promote microtubule polymer-
end, we generated a reporter construct that harbors anization and spindle assembly around chromatin in Xen-
NLS sequence followed by two tandem GFP proteinsopus mitotic extracts [3–7] and to stimulate nuclear
(NLS-GFP-GFP) under the control of the heat shock pro-envelope assembly in Xenopus [8, 9] or HeLa cell ex-
moter hsp16-2. The molecular weight of the product istracts [10]. However, these in vitro findings have not
about 50 kDa. After the heat shock treatment, GFP signalbeen tested in living cells and do not necessarily de-
was found in the nuclei of big intestine cells of the controlscribe the generalized model of Ran functions [11–13].
adults (Figure 1A). We then interfered with the expres-Here we present several lines of evidence that Ran
sion of Ran, the guanine nucleotide exchange factoris indispensable for correct chromosome positioning
RCC1, or RanGAP by RNAi before heat shock treatment.and nuclear envelope assembly in C. elegans. Embryos
After the heat shock, the NLS-GFP-GFP protein nodeprived of Ran by RNAi showed metaphase chromo-
longer localized only in the nucleus but rather equallysome misalignment and aberrant chromosome segre-
distributed to the nucleus and the cytoplasm in everygation, while astral microtubules seemed unaffected.
case (Figures 1B–1D). These results demonstrate thatDepletion of RCC1 or RanGAP by RNAi resulted in
the Ran GTPase system comprising RCC1, Ran, andessentially the same defects. The immunofluorescent
RanGAP is essential for nucleocytoplasmic traffickingstaining showed that Ran localizes to kinetochore re-
also in C. elegans.gions of metaphase and anaphase chromosomes,
Next we performed RNAi for Ran, RCC1,or RanGAPsuggesting the role of Ran in linking chromosomes to
in two- to four-cell embryos and then visualized chromo-kinetochore microtubules. Ran was shown to localize
somes, microtubules, and centrosomes to see if thereto the nuclear envelope at telophase and during in-
were any defects in spindle assembly. Gravid wormsterphase in early embryos, and the depletion of Ran
grown up in the feeding plates (RNAi worms) as well asresulted in failure of nuclear envelope assembly. Thus,
wild-type ones were methanol fixed, and the embryosRan is crucially involved in chromosome positioning
were stained with antibodies specific for -tubulin orand nuclear envelope assembly in C. elegans.
-tubulin [18] and DAPI (Figure 2). In 100% (n  20 in
two independent experiments) of wild-type embryonic
Results and Discussion cells (Figure 2A–2D), at prometaphase, the spindles be-
gan to form normally with the two correctly positioned
The complete genome sequence of C. elegans revealed centrosomes and the condensing chromosomes be-
a predicted single Ran gene, K01G5.4, in C. elegans tween the two centrosomes (a P1 cell is shown in right),
[14, 15]. The amino acid sequence of this gene product and, at metaphase, the chromosomes aligned at the
shares 86.4% identity with human Ran protein. The ge- metaphase plate with ordered kinetochore microtubules
nome sequence also revealed predicted RCC1 and (an AB cell is shown in left). In Ran-depleted embryos
RanGAP genes at C26D10.1 and C29E4.3, respectively. at about the same stages, severe defects in spindle
Injection of double-stranded RNA is a powerful formation were found (Figures 2E–2L). The location of
method to interfere with specific gene expression [16]. chromosomes was abnormal; chromosomes entirely
Feeding worms with bacteria expressing dsRNA of inter- mislocalized in 85% of the embryos (n  70 in five inde-
est also efficiently silences gene expression for several pendent experiments) (Figures 2E–2L). In addition, the
genes [17]. We thus made use of this protocol to study large difference in the content of chromosomes was
Ran function in early embryonic cell divisions. Worms often (about one-third of the embryos) seen between
were started feeding at L1 stage (P generation) until they the two cells (Figures 2I–2L). These phenotypes indicate
grew up into adults, and then the grown ups or the the failure of correct attachment of kinetochore microtu-
embryos (F1 generation) were analyzed. Under normal bules to mitotic chromosomes and the resultant loss of
experimental conditions (cultured at 20C), Ran RNAi- correct chromosome segregation. However, the number
and the location of centrosomes are normal, and astral
mictrotubules also seem unaffected (Figures 2E–2L).1Correspondence: L50174@sakura.kudpc.kyoto-u.ac.jp
Current Biology
504
antibody revealed that this antibody recognized a single
protein also in C. elegans, corresponding to C. elegans
Ran protein (Figure 4A). No signal was detected when a
Ran RNAi-treated embryo was stained with this antibody
(Figure 4B, upper panels), confirming the specificity of
the antibody. In addition, embryos treated with RanGAP
RNAi showed anti-Ran staining comparable to wild-type
controls (data not shown). These results show that loss
of staining was specific to Ran RNAi and indicate that
RanGAP RNAi did not alter Ran levels. We also examined
by PCR with reverse transcription (RT-PCR) the expres-
sion level of RCC1 mRNA and that of RanGAP mRNA
in worms which were either RCC1 or RanGAP RNAi
treated (Figure 4B, lower panels). In both cases, each
mRNA level was found to be specifically reduced by
RNAi treatments, without any reduction in Ran levels.
Using the anti-Ran antibody, we examined the location
of Ran protein during early embryogenesis by indirect
immunofluorescent staining (Figures 4C and 4D). Ran
localized mainly to the nucleus and the nuclear envelopeFigure 1. Subcellular Localization of NLS-GFP-GFP Protein in Wild-
during interphase (Figure 4C, middle; several cells areType or Ran RNAi, RCC1 RNAi, or RanGAP RNAi Worms
in interphase). At prometaphase, Ran still localized toTransgenic worms bearing the reporter construct coding the NLS-
GFP-GFP sequence in pPD49-78 were nontreated (A) or RNAi the nuclear envelope (Figure 4C, upper; see the P1 cell
treated for Ran (B), RCC1 (B), or RanGAP (D), and then the adult on the right). When the nuclear envelope began to disas-
worms were heat shocked at 33C for 30 min for the expression semble at M phase (early metaphase), Ran localized
of the protein. After 3 hr, their intestine cells were examined for throughout the entire cell (Figure 4C, upper; see the AB
subcellular localization of the NLS-GFP-GFP protein. Nuclear accu-
cell on the left). At late metaphase, Ran was found tomulation of NLS-GFP-GFP was lost in each RNAi embryo.
localize to the outer edges of each chromosome, which
correspond to kinetochore regions (Figure 4C, middle
Depletion of RCC1 or RanGAP by RNAi resulted in panels and magnified images in Figure 4D; the left chro-
essentially the same defects. In the RCC1 RNAi em- mosomes in Figure 4D are at metaphase). The localiza-
bryos, however, a severe defect was seen in only a small tion of Ran to kinetochore regions persisted until ana-
population (15%; n  60 in five independent experi- phase (Figure 4C, middle, and Figure 4D; the right
ments). The typical phenotype is shown in Figures 2M– chromosomes in Figure 4D are at anaphase). At telo-
2P, in which the chromosomes mislocalized (a P1 cell phase, Ran was no more detected at kinetochore re-
is shown in the right), and there was a big difference in gions. Instead, it localized around the decondensing
the amount of segregated chromosomes (an AB cell is chromosomes (Figure 4C, lower). The localization of Ran
shown in the left). In a RanGAP-depleted embryo shown to kinetochore regions was also found under confocal
in Figures 2Q–2T, chromosomes did not segregate cor- microscope (data not shown). In addition, we performed
rectly in the first cell division and consequently a mass RNAi treatment for hcp-3, a C. elegans CENP-A homo-
of chromosomes remained at the cell periphery without log, which has previously been reported to result in
decondensing fully. Those phenotypes, such as chro- kinetochore null phenotype [20]. In hcp-3-depleted em-
mosome mislocalization, chromosome missegregation, bryos, there was no signal of Ran at the kinetochore
and incomplete chromosome decondensation, were regions of kinetochore-deprived metaphase chromo-
seen in 95% of the RanGAP RNAi embryos (n  60 in somes (see Supplementary Figure S1 in the Supplemen-
three independent experiments). tary Material available with this article online). These
We next examined nuclear envelope assembly in the results demonstrate that Ran localizes to the kineto-
Ran-depleted embryos. Nuclear membranes of the cells chore at metaphase and anaphase in normal cells.
were visualized by immunofluorescent staining with Our results have first shown that Ran, RCC1, and
anti-NPC proteins antibody mab414 (Figure 3). In wild- RanGAP are essential for nucleocytoplasmic transport
type embryos, NPCs were associated with the nuclear in C. elegans and then demonstrated that in the absence
membranes (Figures 3A–3C). In contrast, NPCs were of Ran, RCC1, or RanGAP chromosomes misalign to
scattered as dots inside the whole embryo, and no nu- the metaphase plate and segregate incorrectly in early
clear envelope structure was discernible in the Ran RNAi embryonic cell divisions. At the same time, our results
embryos (40%; n  40 in three independent experi- show clearly that Ran localizes to kinetochore regions of
ments) (Figures 3D–3F). In milder affected embryos metaphase and anaphase chromosomes. These results
(55%), incomplete nuclear envelope structures were taken together strongly indicate that the Ran system is
found around the DAPI staining (Figures 3G–3I). These indispensable for correct chromosome positioning, and
results suggest that Ran-depleted cells are unable to Ran mediates the interaction between mitotic chromo-
reestablish nuclear envelope at the end of each cell somes and kinetochore microtubules. This is in good
division. agreement with the previous in vitro observations that
Immunoblotting analysis of total protein lysates from Ran is able to induce acentrosomal spindles around
chromatin beads [5] and enhance the stability of chro-randomly growing animals probed with anti-human Ran
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Figure 2. Defects in Chromosome Positioning in Early Embryonic Cell Divisions in Ran RNAi, RCC1 RNAi, or RanGAP RNAi Embryos
Worms were subjected to RNAi treatment, and the affected embryos were subjected to immunofluorescent staining. Wild-type (A–D) or Ran
RNAi (E–L), RCC1 RNAi (M–P), or RanGAP RNAi (G–F) embryos were stained with anti--tubulin antibody (A, E, I, M, and Q), anti--tubulin
antibody (B, F, J, N, and R), and DAPI (C, G, K, O, and S). In the merged images (D, H, L, P, and T), the -tubulin signal is shown in green,
-tubulin in red, and DAPI in blue. Anterior is to the left in every case.
mosome-associated microtubules along sperm DNA in tion of Ran-GTP increased the capacity of centrosomes
to nucleate microtubules in Xenopus egg extracts [19],Xenopus egg extracts [3, 4, 6, 7]. However, in contrast
to the in vitro observation that the increased concentra- we could not see appreciable defects in astral microtu-
Figure 3. Defects in Nuclear Envelope As-
sembly in Ran RNAi Embryos
Worms were subjected to RNAi treatment,
and the affected embryos were subjected to
immunofluorescent staining. Wild-type and
Ran RNAi embryos were fixed and immuno-
stained with anti-NPC proteins antibody
(mab414) (A, D, and G). Chromosomes were
labeled with DAPI (B, E, and H). NPC signal
is in green, and DAPI is in blue in the merged
images (C, F, and I). The embryo shown in
(D)–(F) is at the same stage as the embryo
shown in (A)–(C). Nuclear envelope structures
were disorganized in Ran RNAi embryos.
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Figure 4. Ran Localizes to the Kinetochore
Regions of Metaphase and Anaphase Chro-
mosomes and to Nuclear Envelope at Telo-
phase and during Interphase
(A) Immunoblotting analysis of total protein
lysates from randomly growing animals with
anti-human Ran antibody.
(B) (Upper panels) Immunofluorescent stain-
ing of wild-type or Ran RNAi embryo with
anti-Ran (left) and anti--tubulin (right) anti-
bodies. (Lower panels) RT-PCR assay of wild-
type or RCC1 RNAi (left panels) or RanGAP
RNAi (right panels) treated worm lysates.
Worms were nontreated or RCC1 RNAi or
RanGAP RNAi treated, and total RNAs were
subjected to PCR with reverse transcription
for RCC1 (left) or RanGAP (right), Ran, and
sod-3 mRNA levels. sod-3 was used as the
standard for normalization. In each RNAi
treatment, the RNA of the target gene was
specifically reduced.
(C) Immunofluorescent staining of wild-type
embryos with anti-Ran antibody. Chromo-
somes were labeled with DAPI. In the merged
images, Ran is shown in green and DAPI in
blue. (Upper panels) A two-cell embryo is
shown. (Middle panels) An embryo of about
15 cells is shown. Cells in interphase are also
found. (Lower panels) An embryo of about ten
cells is shown.
(D) Magnified images of the middle panels
of (C).
bules in the Ran RNAi, RCC1 RNAi, or RanGAP RNAi kinetochore microtubules in such monocentric cells. As
recent studies have shown that non-kinetochore, pole-embryos. In addition, while in the previous in vitro experi-
ments Ran was able to induce spindle formation around to-chromosome microtubules as well as kinetochore
microtubules play an important role in regulating chro-chromatin that was not associated with kinetochores
[3–7], in our results Ran localizes to kinetochores and mosome positioning [22, 23], Ran could regulate chro-
mosome positioning by mediating the interaction of bothis suggested to play a role in linking kinetochore micro-
tubules to C. elegans holocentric chromosomes [20], types of microtobules with chromosomes. It is possible
that the high concentration of RanGTP may alter thewhich are the chromosomes entirely surrounded by ki-
netochore structures at their outer edges. In C. elegans, activities of plus or minus directed motors involved in
spindle formation, as implicated before [24]. In the RCC1it is difficult to see any requirement of Ran for the interac-
tion between kinetochore-free chromosomes and mi- RNAi embryos, the frequency of chromosome segrega-
tion and positioning defects (15%) was low as comparedcrotubules because of holocentricity. In vertebrate cells,
it is reported that Ran distributes diffusely throughout to that in the Ran RNAi or RanGAP RNAi embryos (85%
and 95%, respectively). This is probably because a re-the cell in M phase [6, 21]. Ran at the kinetochore regions
might also mediate the interaction of kinetochores with maining trace amount of RCC1 protein could barely
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target of the small GTPase Ran in spindle assembly. Cell 104,manage to generate the minimum level of GTP-bound
95–106.Ran. In the RanGAP RNAi embryos, severer defects were
13. Gruss, O.J., Carazo-Salas, R.E., Schatz, C.A., Guarguaglini, G.,observed, indicating that a relatively rapid GTP hydroly-
Kast, J., Wilm, M., Le Bot, N., Vernos, I., Karsenti, E., and Mattaj,
sis by Ran is required for correct chromosome position- I.W. (2001). Ran induces spindle assembly by reversing the in-
ing. Our results here have also shown unambiguously hibitory effect of importin  on TPX2 activity. Cell 104, 83–93.
14. C. elegans Sequencing Consortium. (1998). Genome sequencethat Ran plays a crucial role in nuclear envelope assem-
of the nematode C. elegans: a platform for investigating biology.bly in vivo, although the underlying molecular mecha-
Science 282, 2012–2018.nism may not be totally independent of the roles of Ran
15. Gonczy, P., Echeverri, G., Oegema, K., Coulson, A., Jones, S.J.,in nucleocytoplasmic transport or correct chromosome
Copley, R.R., Duperon, J., Oegema, J., Brehm, M., Cassin, E.,
positioning, because how Ran regulates these pro- et al. (2000). Functional genomic analysis of cell division in C.
cesses is not entirely known. Identification of target mol- elegans using RNAi of genes on chromosome III. Nature 408,
331–336.ecules of Ran in correct chromosome positioning and
16. Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E.,nuclear envelope assembly should be the next challeng-
and Mello, C.C. (1998). Potent and specific genetic interferenceing subject.
by double-stranded RNA in Caenorhabdites elegans. Nature
391, 806–811.
Supplementary Material 17. Timmons, L., and Fire, A. (1998). Specific interference by in-
Supplementary Material including Figure S1 and Experimental gested dsRNA. Nature 395, 854.
Procedures is available at http://images.cellpress.com/supmat/ 18. Bobinnec, Y., Fukuda, M., and Nishida, E. (2000). Identification
supmatin.htm. and characterization of Caenorhabditis elegans gamma-tubulin
in dividing cells and differentiated tissues. J. Cell Sci. 113, 3747–
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